Purpose: To evaluate the effectiveness of methods to correct intraocular pressure (IOP) 3 measurements obtained using the Goldmann Applanation Tonometer (GAT), the Ocular 4
Introduction 1
Intraocular pressure (IOP) represents a fundamental factor of ocular health, and is critically 2 important in the diagnosis and management of ocular hypertension, various forms of glaucoma 3 and other ocular diseases. In the Early Manifest Glaucoma Trial, a reduction in IOP by 1 mmHg 4 from baseline in glaucoma patients was reported to lead to a reduction of approximately 10% in 5 progression risk 1 . It is therefore imperative that IOP measurement by tonometry be as 6 accurate as possible. The accuracy of IOP measurement, whether using contact or non-contact tonometers, is 9 potentially affected by a number of error sources including variations in biomechanical 10 parameters such as corneal thickness, curvature and age [2] [3] [4] [5] [6] . This applies to the Goldmann 11 Applanation Tonometer (GAT), which has maintained its status as the reference standard for 12 the measurement of IOP despite reports on its dependence on the cornea's stiffness 13 parameters. Several studies assessed the effect of the central corneal thickness (CCT) on 14 GAT measurement of intraocular pressure (GAT-IOP), providing a wide range of estimations 15 between 0.7 and 7.1 mmHg for every 100 μm change in CCT 3, [7] [8] [9] [10] [11] . The complexity of the 16 problem increased when subsequent studies suggested that it was the overall corneal stiffness, 17 or resistance to deformation under tonometry loading, rather than CCT, which was responsible 18 for errors in GAT-IOP 12 . This observation drew attention to other stiffness-related factors, 19 besides CCT, including the cornea's curvature and material properties, which vary with both 20 age and medical history 6, 13 . In response, a number of multi-parameter correction equations 10 
21
were developed to mitigate errors induced by CCT, central corneal radius of curvature (R) and 22 age on GAT-IOP, and these equations were successful to different extents in reducing the 23 association of IOP measurements with the cornea's stiffness parameters [14] [15] [16] . 24 
25
As a further response to the problems reported in GAT with the stiffness-related inaccuracies, 26 the Dynamic Contour Tonometer (DCT) was developed by SMT Swiss Microtechonology AG, 27 Switzerland, based on the principle of contour matching, Figure 1A 17, 18 . Since its development, 28 the DCT has been presented as a digital tonometer that was much less affected by the corneal 29 stiffness parameters than GAT; a claim that has been validated in a number of clinical studies 30 , but reported a significant statistical association with 15 increasing age 23, 24 , which is known to lead to corneal stiffening 25 . To the best of the authors' 16 knowledge, no attempt had been made to assess the effect of R on ORA-IOP measurements. 17
18
More recently, a non-contact tonometer was developed by OCULUS Optikgeräte, Inc. (Wetzlar, 19 Germany) under the name Corvis ST (Corneal Visualization Scheimpflug Technology, CVS) 26 . 20 The particular promise of the CVS is due to the high precision of its ultra-high-speed 21
Scheimpflug technology used to monitor the dynamic reaction of the cornea to air pressure and 22 the wide range of tomography and deformation parameters quantified by the device, which 23 have the potential to enable accurate estimates of corneal stiffness, Figure 1C . In recent 24 clinical studies, the device was shown to have good repeatability 26, 27 , but its IOP 25 measurements were clearly influenced by variations in corneal stiffness parameters 26 . 26
27
In order to address the effect of corneal stiffness on the IOP measurements CVS-IOP, a recent 28 study developed a correction equation based on numerical simulation of the CVS procedure. 29 The equation was subsequently validated using a clinical dataset involving 632 patients and6 shown success in significantly reducing the association of CVS-IOP with both CCT and age 28 . 1 No significant effect of R on CVS-IOP was found, both numerically and clinically, and therefore 2 R was excluded from the correction equation. The current study has two major objectives. First, it presents an assessment of the association 5 between IOP measurements made by each of the four tonometry devices; GAT, DCT, ORA 6 and CVS, and the dominant corneal stiffness parameters, namely CCT, age and R. Since 7 these parameters are expected to lead to changes in overall corneal stiffness, a weak 8 association between the IOP measurements and the parameters would be evidence that the 9 tonometer was strongly independent of corneal stiffness. The second objective is to assess the 10 effectiveness of IOP corrections produced earlier for GAT, ORA and CVS. Although these 11 correction methods have found success in earlier studies in reducing the dependence of IOP 12 measurements on corneal stiffness parameters, this paper concentrates on their performance 13 in a healthy Chinese population. Finally, the range of IOP measurements made in this study 14 enabled consideration of the inter-correlation between the IOP readings taken by the four 15 tonometers, both before and after correction for the effects of corneal stiffness. to wear contact lenses until less than two weeks before the date of the data collection were 26 also excluded. The study followed the tenets of the Declaration of Helsinki and was approved 27
by the Ethic Committee of the Eye Hospital. Signed informed consent that allowed use of the 28 data for research was obtained from each participant. 29 All participants underwent the following tests in a single session and in the same order: 1 measurement of topography, CCT and R, all with the Pentacam, and IOP using ORA 2 (ORA-IOPg, ORA-IOPcc), CVS (CVS-IOP), GAT (GAT-IOP) and DCT (DCT-IOP). R was 3 taken as the average of Rh and Rv, where Rh and Rv were the curvature in horizontal and 4 vertical direction, respectively. The measurements by the four tonometers were repeated 3, 5, 5 3 and 3 times, respectively, allowing 3 minutes between each two subsequent readings. 6 Further, contact measurements by GAT and DCT were taken 20 minutes after conduct of all 7 non-contact measurements, and a drop of topical Alcaine 0.5% (Alcon, Missisauga, Canada) 8 was applied before the measurements. This scheme was thought, based on earlier evidence, 9
to be sufficient to avoid reductions in IOP while minimizing diurnal effects 29 All 10 measurements were taken with participants being in the sitting position and with undilated 11 pupils, during regular office hours (8 am to 6 pm). They were taken by the same clinician (ZXH) 12 and using the same instruments to minimize potential for variability associated with either the 13 instrument or the operator, and in line with procedures adopted in earlier studies [30] [31] [32] . 14 15 16 An earlier study compared all multi-parameter GAT-IOP correction equations available in the 
GAT-IOP correction

Agreement between IOP measurements of the four tonometers 12
There was a lack of agreement between the four tonometers; DCT-IOP was higher (F(2.61, Glaucoma is a progressive irreversible optic neuropathy that affects 2.4% of those aged over 18 49 34 , rising to 4% in white, and 13% in some black, subjects by the age of 80 35 . Worldwide, 19 glaucoma is responsible for more blindness than any other eye condition except cataract, but 20 unlike cataract, the blindness is irreversible. With IOP being the main modifiable risk factor for 21 glaucoma, an accurate assessment of IOP is of great importance for diagnosis and decision response to an applied mechanical force, and hence are all affected, to different extents, by 7 corneal resistance to deformation (or mechanical stiffness) 38 . Clinical studies to quantify the 8 effects of corneal stiffness (which varies with corneal thickness, curvature, age and medical 9 history) started more than 50 years ago, and concentrated on the thickness for being the most 10 prominent stiffness parameter 39 . Using both clinical data and mathematical modelling, the 11 studies estimated errors in GAT-IOP within the wide range of 0.7-7.1 mmHg for a change in 12
CCT of 100 microns 3, 7-11 . Similar work has shown a similar effect of CCT on IOP readings by 13 ORA and CVS, with IOP being underestimated in thin corneas and overestimated in thick 14 corneas 32, 40, 41 . In the present study, only ORA-IOPg and CVS-IOP measurements were 15 significantly influenced by CCT (p=0.03 for ORA-IOPg and p=0.00 for CVS-IOP) with the 16 relationships being similar to those reported by others 32, 41 . No statistically significant 17 relationship was found between GAT-IOP and CCT (p=0.18), although there was an overall 18 trend of GAT-IOP increase of 1.5 mmHg for a 100 μm increase in CCT 40 . Similarly, DCT 19 measurements were not significantly correlated with CCT (p=0.36) with an average increase in 20 IOP by 0.8mmHg for a 100 μm increase in CCT, which is compatible with earlier studies 21 reporting low effect of CCT on DCT-IOP measurements 31, 42 . 22
23
Following a period in which attention has been limited to CCT, there is now growing 24 appreciation that it is corneal stiffness, more than the parameters affecting it such as CCT, that 25 should be considered when improving accuracy of IOP measurement 6, 13 . Corneal stiffness is 26 influenced by both geometric parameters (e.g. thickness, curvature, diameter and astigmatism) 27 and material parameters (which vary with age and medical history). However, while earlier 28 studies have confirmed the importance of CCT, they disagreed on the significance of curvature, 29 leading to it being considered in studies on GAT and ignored in a recent study on CVS 28 . On12 the other hand, the effect of corneal diameter and astigmatism, although recognized, has not 1 been quantified yet 43 . Further, since no solution has been developed to date to directly 2 measure the biomechanical properties of corneal tissue in vivo (mainly the tangent modulus), 3 attention has to be given instead to the parameters that are related to the properties and can 4 be measured such as age, topography deterioration in keratoconus and tissue changes due to 5 refractive surgeries. Earlier studies have quantified the change in tissue stiffness associated 6 with aging 25, 44, 45 , but the effect of other parameters on stiffness has not been quantified yet. The study also showed that measurements by different tonometers for the same participants 20 differed significantly. Relative to measurements by GAT, the reference standard in tonometry, 21 ORA-IOPg, CVS-IOP and DCT-IOP were different by 1.0±3.2, -0.1±2.7, 3.5±2.2 mmHg, 22 respectively. The results were similar to previous studies where GAT was lower by 0.6±2. corneal apex until contour matching is achieved, at which point the reading of the 5 pressure sensor is assumed to equal the IOP; B: In ORA, external air pressure 6 increases until the cornea applanates at pressure P 1 , The air pressure continues to 7 increase to a peak, Pmax, then decreases gradually, going through a second 8 applanation event at air pressure, P 2 . Pressures P 1 and P 2 are used to estimate IOP 9 using an equation of the form IOP cc =K 1 P 1 +K 2 P 2 , where K 1 and K 2 are constants; C: In 10 CVS, external air pressure increases until the cornea applanates at pressure AP 1 . This 11 pressure is used to estimate IOP in an equation of the form IOP cc =C 1 *AP 1 +C 2 , where 12 C1 and C2 are constants. 
